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Solid-state NMRof four antimicrobial peptides, aurein 1.2, citropin 1.1, maculatin 1.1 and caerin
1.1, isolated from Australian tree frogs, are reviewed. All four peptides are amphipathic α-helices with a net
positive charge and range in length from 13 to 25 residues. Despite several similar sequence characteristics,
these peptides compromise the integrity of model membrane bilayers via different mechanisms; the shorter
peptides exhibit a surface interaction mechanism while the longer peptides may form pores in membranes.
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Antibiotics are typically directed at structural or enzymatic targets
that are unique to bacteria. The traditional target for a majority of
current antibiotics (e.g. beta-lactam antibiotics such as the penicillin
and cephalosporin series [1]), is the cell wall structure andmachinery.
Alternate classes of antibiotics exploit differences in the prokaryotic
and eukaryotic ribosomes (e.g. the aminoglycosides [2]), and other
critical biosynthetic machinery, such as the enzyme inhibiting
quinolones [3,4]. As multiple drug resistant bacterial strains prolifer-
ate against this current range of antibiotics, research is underway to
identify and capitalize on other differences between infectious and
eukaryotic cells. Differences between prokaryotic and eukaryotic
membrane compositions offer one such possibility, whereby mole-61 3 9347 5180.
ll rights reserved.cular agents would preferentially interact with and disrupt microbial
membrane integrity.
Many amphibians have evolved to secrete a wealth of novel
compounds from their skin [5], which possess potent activity toward a
range ofmicrobial targets [6]. These sourcesmayprovide the necessary
leads for the rational development of this new class of speciﬁc and
broad-banded antibacterial agents. We focus on four natural peptides,
aurein 1.2, citropin 1.1, maculatin 1.1 and caerin 1.1, which have been
isolated from the skin secretions of the frog species: Litoria aurea, L.
raniformis, L. citropa, L. genimaculata, L. splendida, L. caerulea and L.
gilleni. While these species secrete a number of related peptides, we
concentrate on the membrane interactions of these four, which
represent much of the sequence homology as well as the contrast in
length among these peptides. Our studies aim to characterise the
sequence and structure determinants of corresponding mechanisms
and reported activity in a number of applications, including broad
spectrum antibacterial [6–11], anti-fungal [6], anti-cancer [6,12], and
neuronal nitric oxide synthase inhibitory activity [6].
Table 1
Amino acid sequence of selected antibacterial peptides from Australian tree frogs.
Aurein 1.2 GLFD I I KK I A ESF
Citropin 1.1 GLFD VI KK VA SV I GGL
Maculatin 1.1 GLFG VL AK VA AH VVPAIA EHF
Caerin 1.1 GLLS VL GS VA KH VL PH VVPVIA EHL
The amino acid sequences of selected antimicrobial peptides from Australian tree frogs
are shown [19,23,63–65]. Hydrophilic residues are depicted in bold and underlined. The
sequences are separated into sections based on similarities in polarity and residue type.
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range of bacteria makes it highly unlikely that these peptides act via
speciﬁc receptor mediated processes, but rather by membrane
disruption [7,13,14]. Furthermore, maculatin 1.1 and several similar
cationic antimicrobial peptides synthesised from all D-amino acids
have essentially equivalent activity to the natural peptides [8,11,15,16],
thus indicating that chirality has no inﬂuence on activity and lending
support for the membrane disruption hypothesis.
Each of these four peptides is cationic with a calculated pI between
9.9 and 10.6. Each peptide behaves similarly in aqueous solution,
existing in an unstructured random coil conformation, and re-
arranges into an amphipathic α-helix on partitioning into membrane
or membrane mimetic environments [8,17–19]. All four peptides
(Table 1) have signiﬁcant sequence homology in the N- and C-termini,
as well as in the intervening sequences even as this central segment
increases from aurein (13 residues), to citropin (16 residues),
maculatin (21 residues), and caerin (25 residues). Each of the
peptides maintains an amphipathic residue pattern, with a polar (or
proline) residue every three to four residues in the sequence. Within
the context of an α-helix, this places all polar residues, including the
interruption in hydrogen bonding pattern introduced by the prolines,
along one surface of the helix. If the helical turns are indexed
according to the polar residues, the hydrophobic residues contained
within the second and subsequent turns are rich in the β-branched
amino acids valine and isoleucine. The C-terminus of each peptide is
also amidated, which is essential for activity [8,10].
2. Biological activity
The peptides studied are all active against a range of organisms.
The activities of these peptides towards several different bacterial
species are given in Table 2. In some cases, the activities of the
peptides have been recorded using different techniques and with
different isolates of bacteria. For example, two values for activity of
maculatin 1.1 are quoted in Table 2. One set of values was calculated
using the method of zone inhibition [20] on agarose plates containingTable 2
Antibacterial activity of selected peptides from Australian tree frogs.
Organism MIC (μg/mL)a
Aurein 1.1
[6,7]
Citropin 1.1
[6,7,66]
Maculatin 1.1
[6–8,10]
Bacillus cereus 100 50 25
Leuconostoc lactis 12 6 3
Listeria innocua 100 25 100
Micrococcus luteus 100 12 12
Staphylococcus aureus 50 25 6, 17⁎
Staphylococcus epidermis 50 12 12
Streptococcus faecalis 25
Streptococcus uberis 50 25 3
Escherichia coli N100 N100 N100, 68⁎
Pasteurella multocida 100 N100 50
a Activities stated above are based on the measurement of inhibition zones caused by the a
Jorgensen et al. [20].
⁎ Activities measured using the technique of Yoshida et al. [21] and are based on a cell sus
Following a 24 hour incubation at 37 °C, the absorbance was measured at 620 nm.the bacteria, while the second set of values was determined using the
serial dilution technique [21], in a cell suspension containing a known
quantity of bacteria. Dennison et al. [22] found no association between
theminimum inhibitory concentration (MIC) and the sequence length
or molecular weight of α-helical antimicrobial peptides; nevertheless
in these four speciﬁc peptides, while individual activities vary
signiﬁcantly among the organisms surveyed, there remains a trend
for activity to increase with increasing peptide length [6].
The increase in antimicrobial activity is, however, also accompa-
nied by a four-fold increase in haemolytic activity on going from
aurein 1.2 [23] to caerin 1.1 [6]. Haemolytic activities of these peptides
have been reported in several publications that often do not fully
specify the method or blood source [9]. Therefore, there is a need to
standardise measurement of peptide activity. Despite the trend for
haemolytic activity to follow antimicrobial potency, the largest of the
four peptides still displays a very useful therapeutic index (calculated
by the ratio of haemolytic to anti-microbial activity). The peptides also
display some anti-cancer activity [6], possibly owing to an increase in
anionic surface charge relative to healthy cells [24–26], similar to
bacterial membranes,which suggests that membrane interaction
rather than receptor binding is the mode of peptide action. Aurein
1.2, in particular, has been found to be active against at least 55 human
cancers [12]. In lipid monolayers containing anionic phosphatidylser-
ine (PS) and phosphatidylglycerol (PG), used to mimic cancer cells,
similar interactions are observed with aurein 1.2 as for mimics of
cancer cell membranes [12]. Furthermore, removal of PG and PS from
the monolayers reduces the interaction of aurein by 67% [12].
Interactions with anionic lipids appear to be the major determinant
in the peptide afﬁnity towards cancer cells, reinforcing the view that
negatively charged membrane components form the basis of peptide
selectivity towards certain cell types. The presence of negatively
charged sialic acids in cancer cells would further enhance the peptide
interaction relative to model bilayer systems.
While each displays a broad range of activity, the peptides are far
more speciﬁc towards Gram-positive bacteria [6]. The lack of activity
towards Gram-negative organisms can perhaps be attributed to the
more complex protective structures, including the outer membrane
and periplasm, which is lacking in Gram-positive species and would
allow the cationic peptides freer access to the net negatively charged
bacterial membrane [27].
3. Mechanisms of membrane disruption
Two general mechanisms for membrane disrupting peptides have
beenproposed [28,29]. Peptides of greater than 20 amino acid residues
can form α-helices of sufﬁcient length to individually span a lipidMaculatinP15A
[8,9]
Caerin 1.1
[6–8,10,11,67]
Caerin P→G
[6,11]
Caerin P→A
[6]
N100 50 50 N100
12 1.5 12 25
100 25 50 N100
50 12 12 N100
50–100, 8⁎ 3 25–50 N100
100 12 100 N100
N100 25
50 12 12 N100
N100, 135⁎ N100 50 N100
N100 25 100 N100
pplied peptide to thin agarose plates containing the organism, following the method of
pension containing 104 cells/mL, with the peptide solution added at different dilutions.
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the membrane at sufﬁciently high peptide concentrations or alter-
natively the transmembrane helices may also oligomerise into either
‘barrel-stave’ [29,30] or toroidal pores [31]. The pores can act as non-
selective channels through which ions, toxins and metabolites may
freely ﬂow, thus preventing maintenance of homeostasis and even-
tually killing themicrobe. In the barrel-stave mechanism, the peptides
are proposed to interact with themembrane hydrophobic core in such
a way that the peptides oligomerise and align to present their
hydrophobic surfaces towards the interior of the lipid bilayer, while
their hydrophilic, polar surfaces orient away from the lipid to form the
interior lining of the pore [29,30]. Toroidal pores, in contrast, are
believed to form when the peptides insert into the membrane and
mediate membrane curvature such that the inner and outer surfaces
become continuous. Eventually a channel is formed through the
membrane, with the lumen of the pore being lined by the hydrophilic
surface of the peptide interspersedwith the phospholipid headgroups.
Shorter peptides (b20 residues) are unable to individually span a
membrane and are more likely to act through a “carpet” [28–30]
mechanism. In this mode of action, peptides aggregate on the surface
of the membrane until a critical threshold concentration is reached, at
which point they solubilise or lyse the membrane in a detergent-like
manner.
Factors other than peptide length affect which mechanisms may
take place, including any peptide-inducedmembrane thinning [32,33]
and hydrophobic mismatch [34,35]. All mechanisms likely depend on
the peptide concentration relative to threshold values (e.g. alamethi-
cin and magainin [36]). Our experimental investigations assess both
gross mechanistic features as well as speciﬁc molecular detail of the
interaction between peptide and lipid membranes. Where pores are
formed, peptides should align roughly perpendicular to the mem-
brane surface, and a relatively slow ﬂux of small solutes should follow.
Transmembrane peptide with surface area exposed principally to the
hydrophobic core of the membrane may be expected to perturb the
acyl chain order more so than the hydrophilic head group (e.g.
gramicidin A andmelittin [37,38]). Peptide that induces toroidal pores
would likely cause apparent cubic or hexagonal phase changes in a
fraction of the lipid. In contrast, where the carpet model is active, a
dramatic destabilisation of the membrane would cause a rapid
exchange of large solutes and cell parts with bulk ﬂuid. Peptide-
solubilised sections of membrane would likely be similar to micelles
or bicelles with regard to hydrodynamic characteristics. Transient
pores formed by peptides, which induce destabilisation or thinning of
the bilayer, should also have the effect of decreasing order among the
lipid acyl chains.
4. Effect of peptides on phospholipid bilayers
A priori, maculatin and caerin have the potential to form
transmembrane pores of either type, but may act via a surface
orientation as well. If aurein and citropin remain α-helical in the
bilayer environment of the bacterial membrane, and remain mono-
meric (in contrast to the head-to-head dimers of the 15-residue
gramicidin A [39]), then they are likely to collect at the membrane
surface and ultimately solubilise it. The evidence reviewed below
points toward a transmembrane orientation by the longer maculatin
and caerin peptides, and a carpet mechanism of direct membrane
permeabilisation by the shorter aurein and citropin [40,41].
Through the use of several complementary techniques, our
understanding of the action of these particular anti-microbial
peptides in model membrane systems has improved. The use of
differential scanning calorimetry (DSC), surface plasmon resonance
(SPR), ﬂuorescence microscopy, Fourier transform infrared spectro-
scopy (FTIR), quartz crystal microbalance (QCM), and solid-state NMR
techniques has allowed different aspects of the peptide–membrane
interactions to be probed.The effect of the peptides on the thermodynamic behaviour of lipid
membranes has been observed by DSC [42]. Peptides caused
concentration-dependent alterations in the temperature, co-opera-
tivity and enthalpy of the gel-liquid crystalline phase transition of
phospholipid bilayers. Similar effects are seen in both pure dimyr-
istoylphosphatidylcholine (DMPC) and dimyristoylphosphatidylgly-
cerol (DMPG) model membranes but the anionic DMPG is more
strongly perturbed than the zwitterionic DMPC at all peptide
concentrations. A heightened afﬁnity for anionic membrane systems
seems to be a characteristic feature of this peptide class [13,14,43–45]
and likely relates to the peptide speciﬁcity towards microbial
membranes with their more anionic character. Not only is phospho-
lipid charge important in determining the magnitude of peptide–lipid
interaction, but also the phospholipid headgroup structure. Dimyr-
istoylphosphatidylethanolamine (DMPE) is a zwitterionic lipid but
with a smaller headgroup than DMPC. Peptide interactions were
weaker with DMPE and only evident at high temperatures, whichmay
be related to the higher phase transition as well as the headgroup
structure (smaller size and different dipole moment) having less
electrostatic attraction to a cationic peptide. The DSC results support
previous studies showing higher peptide afﬁnity for anionic mem-
branes [16,46].
SPR was used to reveal the relative afﬁnity of the peptides
towards different membrane systems though observation of the rate
and amount of peptide adsorbing on and desorbing from immobi-
lised lipid bilayers. Since SPR is a mass sensitive technique [44,47] a
direct measurement of peptide mass adsorbed onto the lipid bilayer
surface can be observed in real time. Each peptide except aurein
bound rapidly to DMPC membranes with a response that was
proportional to peptide concentration. Aurein displayed strong
interactions and signiﬁcant loss of membrane material, with lower
concentrations appearing to show simultaneous peptide association
with lipid dissociation, and higher concentrations resulting in rapid
peptide binding and removal of membrane material from the sensor
chip. Citropin bound strongly to the DMPC membrane demonstrat-
ing a typical response of association and dissociation, though a
signiﬁcant amount of peptide remained bound during the dissocia-
tion step without any apparent loss of membrane material.
Maculatin appeared to bind with only a small amount of DMPC
membrane material being lost during dissociation. Caerin bound in
a similar fashion to maculatin, which appeared to approach
saturation at 20 μM, and bilayer integrity was retained without
lipid loss.
In anionic bilayers of mixed DMPC/DMPG, each peptide behaved
differently. Aurein had a stronger interaction that caused immediate
disruption and loss of membrane material at a lower concentration
than in pure DMPC. Citropin bound in a concentration dependent
manner but with less apparent afﬁnity than in pure DMPC. Despite
signiﬁcant amounts of citropin remaining bound during the dissocia-
tion step, no membrane disruption was apparent. Maculatin binding
and partial rupturing of the membrane was observed with an
indication of the 5–10 μM range being an optimum range for lytic
activity. By contrast, caerin did not cause loss of membrane material
and, similarly to binding to DMPC bilayers, approached saturation at
20 μM. Signiﬁcant amounts of peptide remained embedded in the
bilayer during the dissociation step, suggesting that caerin acts in a
way that does not destroy the membrane.
Aurein appears to solubilise both DMPC and DMPC/DMPG mixed
membranes whereas citropin binds strongly but does not cause a loss
of bilayer lipid. Similarly, the related peptides aurein 2.2 and 2.3
showed little discrimination between anionic and neutral bilayers as
seen by oriented circular dichroism and 31P solid-state NMR [48].
Maculatin bound to both DMPC and DMPC/DMPG in a concentration
dependent manner that caused minimal membrane disruption in
DMPC, but partial rupturing of the DMPC/DMPG membrane. Caerin
bound to both lipid systems in a strong concentration dependent
Fig. 1.Modiﬁed Kyte–Doolittle hydropathy plots of aurein 1.2, citropin 1.1, maculatin 1.1
and caerin 1.1. Positive values represent greater hydrophobicity, while negative values
represent greater polarity. The horizontal scale represents the number of residues.
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retaining bilayer integrity.
Although DSC and SPR have enabled characterisation of the effect
on the membrane structure and stability and the afﬁnity for various
phospholipid bilayers to give insight into the modes of action of the
peptides, their precise mechanism is unclear. QCM techniques have
been used to further study the interactions of these peptides with
model membranes. Variations in the material structure and density of
phospholipid bilayers as a function of distance from the sensor surface
due to the applied peptide have allowed discrimination between the
two proposedmodes of action [41]. Caerin inserted into the bilayers in
a transmembrane manner (mass increase at all membrane depths) in
both phospholipid compositions tested (DMPC, DMPC/DMPG) inde-
pendent of concentration, while both aurein and maculatin displayed
concentration dependent interactions (citropin was not tested).
Below 5 μM concentrations, aurein displayed a surface association
whereas maculatin adopted a transmembrane incorporation. Upon
reaching a threshold value, both peptides caused membrane lysis,
with maculatin causing a slow concentration dependent formation of
mixed micelles (observed by atomic force microscopy) and aurein
provoking a sudden disruption of the membrane that is consistent
with the carpet mechanism [41,47]. For both peptides, the threshold
value differed between DMPC and DMPC/DMPG with greater activity
indicated for the mixed lipid bilayer, adding further weight to the
hypothesis that these peptides are selective towards anionic mem-
branes more commonly found in bacteria.
FTIR spectroscopy of aurein 1.2, citropin 1.1 and maculatin 1.1 has
been used to probe the location of these peptides in membranes. The
FTIR data conﬁrm that the peptides exist in an unstructured form in
aqueous solution [42] and form α-helices on binding to membrane
mimetic systems. Through rapid and extensive H–D exchange
observed using D2O hydrated bilayers, the peptides appear to be
located in a solvent accessible environment, probably in the interfacial
region of the apolar/polar interface of the bilayers or in a
transmembrane pore.
Fluorescent microscopy of giant unilamellar vesicles (GUV) of PC
and PG containing different sized ﬂuorescent markers [40] has
allowed the visualisation of the action of three of the antimicrobial
peptides. Maculatin induced differential leakage, where lower
molecular weight ﬂuorescent probes leaked from the membrane
interior. Larger probes were retained within the vesicles, while the
overall size and shape of the GUV did not signiﬁcantly alter during the
experiment. In contrast, both aurein and citropin caused the complete
destruction of GUV with effective retention of ﬂuorescent markers
until vesicle destruction. These results add further evidence that
distinguish these peptides on the basis of their length and proposed
mode of action. The shorter peptides, being unable to directly span a
bilayer, act via some surface interactive “carpet” model, interacting
with and directly permeabilising the membrane. Maculatin, however,
clearly acts in a different manner, promoting the release of smaller
ﬂuorescent markers in keeping with a pore-forming mechanism,
which is consistent with the peptide being just sufﬁcient to span a
phospholipid bilayer as an α-helix.
These complementary experimental techniques have given infor-
mation regarding relative afﬁnity and magnitude of peptide–mem-
brane interactions, peptide-phospholipid speciﬁcity and location of
peptides. While these studies have indicated the probable mode of
action of these peptides (transmembrane or surface association),
further information is still needed on the conformation and
oligomeric state of each peptidewhen associated on/into amembrane
system. Othermethods of determining peptide orientation include the
use of membrane systems with a precise orientation in a magnetic
ﬁeld (bicelles, mechanically aligned bilayers) to determine the
orientation of a peptide plane relative to the bilayer. This solid-state
NMR technique has been used with several selectively labeled
peptides in the studied series [18]. Of particular interest, however, isthe study of the peptide–membrane interactions of this series of
antimicrobial peptides using solid-state NMR. Speciﬁcally, the aim is
to elucidate how the peptides are organised in membrane bilayers and
determine their mode of action.
5. Solid-state NMR of peptide–lipid interactions
The study of the peptide interactions with membrane systems at
themolecular level is one particularly suited to solid-state NMR, as the
spectra obtained are highly sensitive to molecular motion. Freedom
from the hydrodynamic restraints of solution NMR allows the study of
peptide and lipid interactions under conditionsmore closely related to
their natural membrane environments. A large, relatively immobile
“intact” membrane gives rise to a large chemical shift anisotropy
(CSA) and line broadening due to orientation-dependent chemical
shifts and dipolar interactions. In contrast, small, rapidly tumbling
micelles have sufﬁcient motion that the directional dependence of the
chemical shielding is averaged out and effectively an isotropic signal is
observed [49].
Quite conveniently for NMR studies of phospholipid model
membranes, 31P is more sensitive than carbon and is 100% naturally
abundant. Of further convenience is the near inﬁnitesimal occurrence
of natural 2H, as phospholipids may be selectively enriched in 2H and
observed against an almost non-existent background. Together,
wideline 31P and 2H NMR may be used to gain information on
motional differences and changes in conformation of hydrophilic
phospholipid headgroups (31P) at the aqueous interface and
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effects of the introduction of new components into the system can
then be studied.
In typical experiments, due to difﬁculties associated with using live
bacteria, or bacterial extracts of often poorly characterised nature,
studies are usually performed with model membrane systems. NMR
studies using model phosphatidylcholine (PC) and phosphatidylgly-
cerol (PG) membranes have been used to gain information on the
effect of peptide binding on model bilayers. From studies using pure
PC and mixed PC/PG model membranes, which reﬂect the electro-
static properties of healthy eukaryotic and bacterial membranes,
respectively, the lipid composition of a membrane has been revealed
as an important determinant in the activity of the peptide [41,47].
The interaction of the peptides with lipid head groups and acyl
chains in deuterated DMPC has been established using 31P and 2H
solid-state NMR [18,47,51]. Maculatin 1.1 caused a broadening of the
signal in both spectra, which was attributed to changes in lipid
mobility while leaving the bilayer phase preserved even under high
peptide concentrations (15:1 lipid: peptide molar ratio). By using 15N
labeled maculatin and aurein in oriented DMPC bilayers, it appeared
that the peptides insert at approximately the magic angle to the
bilayer surface or do not insert signiﬁcantly into the bilayer [18,51].
With DMPC membranes, the spectra indicate that the peptides are
highly mobile and do not interact signiﬁcantly with zwitterionic
lipids.
More recent solid-state NMR studies have used mixed phospho-
lipid bilayers to characterise the effects on the order and dynamics of
DMPC as a model for zwitterionic/neutral eukaryotic and DMPC/Fig. 2. Visual images of maculatin 1.1 andmaculatin P–Amutant produced using themolecula
end on view ofmaculatin P–Amutant from C-terminus; (c) side on view ofmaculatin 1.1 disp
proline induced “kink” in helix; and (e) side on view of maculatin P–A mutant displaying st
right, respectively, and the proline residue depiscted in magenta.DMPG as a model for anionic prokaryotic membranes. In pure DMPC
membranes, the peptides only interact superﬁcially with the
membrane surface causing a relatively small effect on the 31P and
2H spectra [18,51]. By contrast, the peptides exerted a much stronger
interaction in the anionic mixed lipid membrane [47].
NMR studies of live Gram-positive bacteria have shown that
inoculationwith eithermaculatin 1.1 or caerin 1.1 causes a rapid loss of
membrane integrity that gives rise to an isotropic signal with some
residual anisotropic character [52]. These results suggest that instead
of a pore formation and slow leakage of cell contents as predicted,
instead the two larger peptides may have caused lysis of the bacterial
membrane and the formation of rapidly tumbling structures more in
accordance with the carpet model. Electron microscopy of S. aureus
bacteria exposed to maculatin 1.1 revealed a severe disintegration of
the bacterial membrane more in accord with the carpet model or an
extreme case of toroidal pores than the barrel-stave mechanism [53]
Although there is difﬁculty in translating results from a single study
using live bacteria there is a need to study the peptides in model
membrane compositions that more closely resemble their natural
counterparts.
6. Peptide hydropathy
A marked similarity in hydrophobicity between the peptides is
revealed based on plots using Kyte–Doolittle hydropathy values [54].
Hydropathy plots are usually constructed by taking the average
hydrophobicity of residues within a sliding window, centered at each
residue of a large protein in turn, to identify potential transmembraner modeling programVMD [68,69]: (a) end on view ofmaculatin 1.1 from C-terminus; (b)
laying proline induced “unwinding” of helix; (d) side on view of maculatin 1.1 displaying
raight conventional helix; (c–e) are displayed with the N to C terminus running left to
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directly vs. the sequence to view the hydrophobic pattern of each
peptide (Fig. 1).
Inspection of the plots showclearly the amphipathic nature of each
peptide, with the polar residues located at roughly similar points
along each helix in the group. The similarity between these peptides
suggests a potentially common manner of interaction with mem-
branes, perhaps in the interfacial region at the bilayer surface [47].
In an effort to examine the effects of peptide sequence and, thus,
structure on activity, several peptides were modiﬁed by replacement
of certain residues. In maculatin 1.1, the replacement of proline 15
with an alanine changed peptide activity (Table 2). In general, activity
decreased overall towards both bacterial types [8], although one study
found that activity towards Gram-positive bacteria increased while
Gram-negative activity was reduced (both by a factor of 2, Table 2) [9].
Even though the activity assays were carried out using different
methods, both show that activity towards Gram-negative organisms
decreased with replacement of proline, which indicates that the helix
disrupting proline plays an important role in the activity towards
Gram-negative bacteria.
Comparison of the structure of maculatin 1.1 and the alanine
mutant with the peptides roughly aligned (Fig. 2c–e), reveals that the
replacement of the helix-disrupting proline contorts the structure into
a straighter helix (Fig. 2e). The inclusion of proline has the effect of not
only kinking (Fig. 2d), but also slightly unwinding the helical coil (Fig.
2c). Referring to the individual residue positions shown in the helical
wheel representation in Fig. 3c, His20 is placed amongst a hydro-
phobic section of arc. When the structural distortion of proline is
considered, an effectual unwinding of the latter part of the helical coil
from proline onward towards the C-terminus occurs. This rotates the
C-terminal Pro15 to Phe21 residues in the helical wheel representa-
tion, counterclockwise to bring the polar Glu19 and His20 in line with
the other polar residues, Gly1, Gly4, Lys8 and His12, thus generating
an amphipathic structure as seen in Fig. 2a. By contrast, the alanineFig. 3.Helical wheel representation of: (a) aurein 1.2, (b) citropin 1.1, (c) maculatin 1.1, and (d
clear bars represent the fraction of the helical arc that is hydrophilic (clear) or hydrophobicmutant results in a more canonical structure (Fig. 2b), with more
similarity to the helical wheel (Fig. 3c). In effect, replacement of the
proline results in a rewinding or tightening of the helical coil causing
the polar residues to no longer align only along one face and thus
some degree of amphipathicity is lost. Therefore, the peptide may no
longer be able to insert and oligomerise as efﬁciently within the
membrane, leading to loss of a large degree of antimicrobial activity,
although the loss of amphipathicity results in an increase of
haemolytic activity [9].
7. Sequence comparison
While all four peptides are nominally amphipathic, Fig. 3 clearly
shows that the hydrophilic fraction of the cylindrical helix surface is
larger for the aurein and citropin peptides. This characteristic,
independent of the shorter length, may predispose these peptides to
interacting with the membrane at the lipid/aqueous interface,
roughly parallel with the bilayer surface. Interestingly, the additional
residues which are notionally inserted into the shorter peptides to
form maculatin and caerin effect a contraction of the hydrophilic
cylindrical surface area, in addition to lengthening the peptide enough
to span a membrane bilayer (Fig. 4). Both aspects of the additional
residues in maculatin and caerin may be important in converting the
carpet mechanism of the shorter peptides into a transmembrane
mechanism. In fact, further analysis of maculatin and caerin suggests
that the functional importance of the “sequence insertions” may go
beyond the increases in length and hydrophobicity.
Inspection of the maculatin 1.1 sequence, together with the NMR
structural model in 50% triﬂuoroethanol (TFE) [8], indicates a strong
potential for the 21-residue peptide to span a membrane bilayer as an
α-helix, possibly also as a pore-forming multimer. At ﬁrst appear-
ance, however, there are a few sequence anomalies that seem to
discourage the α-helical hypothesis. Proline is known to be a “helix-
breaker”, as it lacks an amide proton and consequently cannot) caerin 1.1. Residues are numbered in order from the N-terminus. The inner shaded and
(shaded).
Fig. 4. Schematic of the surface ofα-helical cylinders for: (a) aurein 1.2, (b) citropin 1.1, (c) maculatin 1.1, and (d) caerin 1.1. Large and small residues are depictedwith large and small
circles, respectively. Hydrophobic and hydrophilic residues are depicted with black and white ﬁlled symbols, respectively. β-branched residues depicted with squares, prolines with
hexagons, and all others with circles. Thin lines connect different ridge surfaces in i,i+4 sequence series. Thick grey bands show progression of linear sequence. The white region in
the middle corresponds to the circumference of the α-helix; residues are duplicated on the left and right with grey background to assist in visualising the different continuous
surfaces, which run skew to the helical axis.
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the i−3 carbonyl and i+1 amide proton is also disrupted [55]. In
spite of these energetically costly structural perturbations, proline is
surprisingly common in transmembrane helices: of 199 transmem-
brane helices known to high resolution in 2002, only one was found
not to contain proline [55]; and 47% of the 13,606 putative α-helical
transmembrane segments included in the homology-purged, single
and multispan TMSTAT database [56] have one or more prolines.
Another sequence anomaly is the presence of polar and charged His,
Lys and Glu residues. Curiously, in maculatin the Pro15-induced
exposure of carbonyl oxygens at Ala11 and His12 and amide proton at
residue Ala16 are along the same surface of the helix as the polar/
charged residues at Lys8, His12, Glu19 and His20 (Fig. 4c, dashed and
dotted lines). Furthermore, the residue encountered by the Lys8
sidechain in the preceding helical turn (toward the N-terminus, the
initial direction of L-amino acid sidechains) is Gly4, which would
provide a minimum of steric hindrance if the lysine sidechain
extended upward toward the surface. A further anomaly of the
maculatin sequence is the prevalence of β-branched residues along
another surface of the helix at Val5, Val9, Val13/Val14, and Ile17 (Fig.
4c, solid line). β-branched amino acids are typically thought to have
greater propensity for β-sheet than for α-helix, owing to the entropic
cost of restricting the sidechains to a single favourable rotamer
position in a helix. Nevertheless, there is a statistically signiﬁcant
overrepresentation of the βxxxβmotif (β=Ile or Val) in the TMSTAT
database. One explanation, which may apply also to maculatin 1.1,
is that the entropic cost paid to ﬁx the rotamer conformations of
β-branched residues upon folding of the helix encourages inter-molecular association, as there is little further entropic cost associated
with packing sidechains across an interface [56]. This interpretation of
sequence may, therefore, be consistent with earlier pore-like
ﬂuorescent-dye leakage characteristics [40], ATR-FTIR evidence [16]
and the probable pore-like characteristics in negatively-charged
model lipid bilayers presented here. Intermolecular contacts in such
an oligomeric pore would be deﬁned by the β-branched surface, and
would consequently be more likely a barrel stave than toroidal pore
structure. The more polar surface of the helix possibly points inward
toward the aqueous lumen of a pore.
Like maculatin 1.1, examination of the caerin 1.1 sequence,
together with the proline-kinked helical geometry provided by the
NMR structural models in 50% TFE [11] and dodecylphosphocholine
micelles [57], indicates a high potential for caerin 1.1 to be
transmembrane. The surface containing both prolines has a pattern
of LxxxGxxxKxxxPxxxPxxxE (Fig. 4d, dotted line). Signiﬁcantly, two
of the four most over-represented i,i+4 pairs in the TMSTAT
database ending with proline are KxxxP and PxxxP (pb0.003). Also
similar to maculatin, another surface of caerin 1.1 has a near-
continuous βxxxβ pattern with GxxxVxxxVxxxVxxxVxxxIxxxL (Fig.
4d, solid line), again suggestive of a pre-constrained intermolecular
interface such as a pore assembly. Another surface has an
interesting SxxxSxxxHxxxHxxxVxxxH pattern (Fig. 4d, dashed
line), where the valine immediately follows the second proline
residue. In the solution NMR structure, this valine together with an
adjacent valine help to tightly pack the inside surface of the proline-
induced kink. The other residues along this surface are slightly
(serine) to strongly (histidine, if charged) hydrophilic and may be
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most over-represented of any i,i+4 pair (pb0.0003) in the TMSTAT
database, of any such pattern involving serine. The remaining
residues form an LxxxLxxxAxxxLxxxVxxxA pattern (Fig. 4d, dashed–
dotted line), where the valine is again packed on the inside edge
between the prolines, and leucine and alanine are common
transmembrane residues. As for maculatin 1.1, these sequence
characteristics are supportive of the NMR and SPR data [47],
which suggests a transmembrane orientation for caerin 1.1 and
possibly formation of an oligomeric barrel stave pore. If the peptide
is transmembrane, the glutamic acid at position 23 is an intriguing
irregularity, which is invariant over all caerin 1.x sequences known
at present [6,58]. This residue is also preceded at the i−4 position
by proline (similarly to maculatin 1.1); however, the PxxxE motif is
the most under-represented (i.e. least likely) pattern for any i,i+4
pairs in the TMSTAT database ending with glutamic acid (pb0.03). It
appears that glutamic acid may be positioned in this way for a
speciﬁc reason and we, therefore, expect a functional role for this
residue to emerge in further work.
In conclusion, physical methods have improved our under-
standing of the lipid interactions upon which the antimicrobial
activity of these peptides depend. Continuing work concentrates on
the peptides themselves to further this understanding. One aspect
of this work involves more extensive sequence analysis than the
above, across the naturally occurring variations as well as rational
mutational analysis. This will improve our understanding of peptide
structure/function relationships, thereby improving selectivity and
efﬁciency of antimicrobial, anticancer, nNOS, and other activities.
Further solid-state NMR experiments, particularly those which
employ selective 13C and/or 15N enrichment within the peptides
such as PISEMA [59], and REDOR [60] with recent extensions [61,62]
will provide improved topological, tertiary and oligomeric structure
information. This atomic-level of detail will be important evidence
to support or refute the pore formation hypothesis for the longer
peptides of those studies.
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